Abstract
Introduction

69
Hyoscyamus spp. (Solanaceae) are well-known medicinal plants that produce tropane alkaloids, 70 such as atropine (dl-hyoscyamine) and scopolamine, which are commercially important 71 anticholinergic and sedative drugs (Evans, 2009) . In a previous study, we determined that 72 Hyoscyamus albus L. roots can survive iron (Fe) deficiency and that, under Fe-deficient 73 conditions, they secrete riboflavin into the rhizosphere (Higa et al., 2010; 2012) . To determine 74 whether this phenomenon was specific to Fe deficiency, we examined the effect on root growth 75 of deficiency in other essential metals, including manganese, zinc (Zn), molybdenum, and 76 copper (Cu). We observed that the elimination of Cu seriously impaired growth, suggesting that 77 H. albus roots are sensitive to Cu deficiency. A further study revealed that H. albus seedlings are 78 tolerant to excess Cu (Tamari et al., 2014) . 
86
However, Cu in its free form is very reactive in the presence of both thiols and oxygen and 87 can promote oxidative stress (Ravet and Pilon, 2013; Sáez et al., 2015) ; therefore Cu excess is 88 toxic to both animals and plants. Furthermore, the widespread industrial and agricultural uses of 89 Cu cause serious Cu pollution, resulting in an increase in Cu mobility and bioavailability 90 (Martins et al., 2012; Zou et al., 2015) . A concentration of 3 M or higher is considered a high 91 level of Cu (Bernal et al., 2006) . Some plants, denoted as Cu-excluders, survive by limiting Cu 92 uptake and accumulation, whereas others that actively uptake Cu, rapidly transport it, and then high Cu concentration (200 µM) . Root cultures were maintained for 5 days. Root tips were 136 harvested at day 5, frozen in liquid nitrogen, and stored at -80 ºC until further use.
138
Proteomic analysis
139
Proteins were extracted from root tips (100 mg fresh weight) using bead beating followed by the 140 acid guanidinium-phenol-chloroform method (Khandakar et al., 2013) . The same 141 methodological approach used in a previous small-scale proteomic analysis (Khandakar et al., (Higa et al., 2010) . Briefly, the medium was removed from the root culture using a 193 pipette, roots were washed with 5 mL sterile water, and 10 mL filter-sterilised TTC reagent (Fig. 1) . Although there was no significant difference in the number of lateral 225 roots, the length of these roots and particularly the distance from the main root tip to the first 226 initiated lateral root differed significantly between treatments (Table 1) . At 200 µM Cu, the 227 distance from the main root tip was two-thirds that at 0.1 µM Cu. Root growth measured as dry 228 weight (DW) was significantly suppressed under Cu-deficient conditions compared with that at 229 0.1 µM Cu (reduced from 5.9 ± 1.7 mg per culture to 2.3 ± 1.5 mg per culture after 14 days).
230
However, after 14 days, root growth was enhanced when Cu was added, reaching the highest 231 value at 200 µM Cu (11.6 ± 2.3 mg per culture) (Fig. 2) . The effects of 200 µM Cu and Cu 232 deficiency on root growth were also clearly seen after 7 days of culture, although the effects 233
were not obvious at the other concentrations.
235
Cu accumulation in roots
236
As H. albus roots grew well under Cu-rich conditions (see section 3.1), root tissues cultured for spectrometry. Cu accumulation increased with the increasing Cu concentration (Table 2) . At a 239 concentration of 200 µM Cu, the accumulation of Cu was about 14 times higher than that at the 240 lowest concentration.
241
The bioaccumulation/bioconcentration factor (BF) has been proposed as a standard to 242 estimate the ability of plants to take up arsenic from the rhizosphere (Masarovičová et al., 2010) .
243
In hydroponics, the ratio of metal concentration in plant dry mass (µg.g (Table 4) .
284
These 34 spots were digested and peptides were extracted. Peptide solutions were then 285 analysed by MALDI-QIT-TOF mass spectrometry. In total, 22 proteins were identified, of 286 which 16 increased in abundance under Cu excess and the remainder decreased (Table 5; 
363
The proteomic profile of H. albus roots subjected to Cu excess was not consistent with 364 previous results obtained using the roots of various plants (Bona et al., 2007; Hego et al., 2014; 365 Li et al., 2013; Song et al., 2013) . When the roots of wheat seedlings were exposed to 100 µM 
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At the subcellular level, the total Cu amount was recovered mainly in the cell wall-containing Kapulnik, Y., Delaux, P.M., Resnick, N., Mayzlish-Gati, E., Wininger, S., Bhattacharya, C., 520 Séjalon-Delmas, N., Combier, J.P., Bécard, G., Belausov, E., Beeckman, T., Dor, E., 
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Differentially expressed spots were marked with arrows and numbers. The prodigy rank 609 number was used as a spot number (see Table 5 ). Molecular mass ( Length of lateral root (mm) 14.5 ± 0.7 18.6 ± 1.0* Distance from the main root tip to the first lateral root (mm) 14.4 ± 1.2 9.0 ± 1.2** Table 5 . MS/MS-based cross-species identification and characterization of the protein spots that showed significant volume increase (upper column) and decrease (lower column), respectively, under Cu excess condition.
